Introduction
The plane gate is the most widely used in hydraulic engineering, but the sidewall is suddenly expanded due to the existence of the gate slot, which makes the water flow form the unstable vortex region inside the slot. The vortex inside the slot will affect the flow near the gate and further aggravate the vibration of the gate.
Research on the flow-induced vibration mechanism has made some achievements. Thang [1] indicated that the excitation mechanism of vertical-lift gate was attributed to the combined effect of shear-layer instabilities and motion-induced vortices shed at the leading edge of the gate bottom. Billeter [2] also confirmed this conclusion by experimental study. Kostecki [3] predicted the two-dimensional flow field in the vicinity of an underflow vertical lift gate using numerical combinative modeling of the vortex method and the boundary element method. Ozalp et al. [4] 's experiments in a large scale water channel were carried out in order to investigate the flow structure in rectangular, triangular and semi-circular cavity respectively using the PIV technique. In this paper, the mechanism of gate vibration and variation of hydraulic parameters with slot and without slot are studied by analyzing the vortices in the flow field behind plane gate.
Experimental Investigation is a main way to solve the problem of engineering hydraulics for complex flow behavior if the test equipment is suitable and precise. Highly accurate and three-dimensional particle image velocimetry (PIV) can help us to obtain the vortex information of transient velocity field by analyzing the flow image, which overcomes the deficiency of traditional single-point measuring apparatus. In recent years, the PIV technique finds wide application not only in the heat exchange field (e.g. Yataghene et al. [5] ; Baum et al. [6] ), but also in the field of water science(e.g.Tang et al. [7] ; Druault et al. [8] ; Ayati et al. [9] ; Watanabe et al. [10] ; Thien et al. [11] ; Ferguson et al. [12] ). Zhang et al. [13] obtained satisfactory results in researching the vortex distribution by PIV technique.
In this paper, the mechanism of fluid-induced vibration of a plane gate is investigated by synchronous combination testing of 3D-PIV technique and multi-channel vibrating data acquisition system to analyze the flow characteristics and corresponding gate vibration parameters, which has not been found in other studies.
Synchronous experiment setup
The experimental study on vortex-induced vibration of a plane gate with submerged flow uses the three-dimensional particle imaging velocimetry system made by TSI Company, combining with the multi-channel vibrating data acquisition system. Two sets of instruments are applied to measure synchronously the real-time changes of flow field and the gate vibration parameters in order to investigate the reason of gate vibration amplitude, the impact of slot on gate vibration and the flow pattern.
3D-PIV is an advanced technology in testing the distribution of transient flow field. Because the test process does not interfere with the flow, it has the incomparable advantage over other traditional testing method, especially in the analysis of flow structure. INSIGHT 3G software and two special across-frame CCD cameras are used to shoot the flow field particle image which is processed according to the principle of autocorrelation and cross-correlation. Finally, the transient flow velocity vector diagram could be got through the post-processing software. In this paper, 3D-PIV is adopted to test the flow field behind a plane gate with submerged flow.
The multi-channel data acquisition instrument is used to acquire the gate vibration parameters. The acceleration sensors are laid on different positions of the upstream face of plane gate to reduce the impact of the downstream flow field. The testing point arrangement is shown in Fig. 1 . The vibration acceleration, sampled interval 0.01s in the x-direction, is monitored and stored by DEWESOFT 7.1 software. Vibration velocity is obtained by integrating the acceleration variable, and the displacement obtained by integrating the velocity. The vibration spectrum of gate is got from the time history curve of displacement by FFT. 
. General arrangement of experiment
After the flow is stable, the test starts recording data at the same zero time. Combining the above two sets of measuring systems, the distribution of the flow velocity field and the gate vibration parameters are monitored simultaneously. The general arrangement of experiment is shown in Fig. 2 .
Five experiment conditions Run1 to Run5 are set up in the experiment. Every experiment parameters from Run1 to Run5 are shown in Table 1 in which e 1 and e 2 are the opening of measured gate and tail gate respectively in the flume. 
Flow field
The 3D-PIV technique is used to measure flow field. Two kinds of more comparable Run2 and Run3 (slotted) are analyzed with the laser frequency 0.97HZ. In the velocity vector diagram behind the gate, x = 0 mm is the axis location of gate. To reduce the effect of the water fluctuation on PIV testing, the top surface of the flume is covered with a piece of plexiglass, which also has great benefits for laser positioning. The velocity vector diagrams for slotted Run2 and Run3 are shown in Fig. 3 . The average velocity in Run2 with submerged jump behind gate is the largest in the five runs. The surface aeration of flow behind the gate is strong, and has the larger eddies. The free surface flow of Run3 is relatively flat, so Run2 and Run3 are selected to be compared. After removing the pseudo vector and cross-correlation treatment, Fig.3 (a) and (c) show respectively the velocity vector diagrams for the two Runs with slot. The velocity magnitude and direction of tracer particle, the distribution of the vortex, and the water surface profile can be obtained from velocity vector diagram in 200mm×200mm range behind the gate. Due to the different Runs, the center height of vortex near the gate is also different. The vortex center height in Run3 is higher than Run2, which shows a close relationship with the plane gate opening. Under the same condition of the discharge and the opening of the tail gate, the smaller the plane gate opening is, the lower the vortex center height is. Fig.3 (b) and (d) are the velocity vector diagrams at the section z = 35 mm for the slotted Run2 and Run3 respectively at 20.6s. Comparing with the velocity vector at the section z = 0 mm, the former's water surface fluctuation is more gentle, and the maximum velocity in x-direction is reduced, which results in the decreasing of the vortex energy at the section z = 35 mm. Vortex near the gate in the internal flow field at the section z = 35 mm is farther away y-axis than that at the section z=0mm. Accordingly, the following vibration displacement changes can be inferred. The vibration displacement amplitude at point C is smaller than that at point A, while the amplitude at point D is smaller than at point B, which is consistent with the subsequently measured result of the gate vibration displacement. 
where, t h is the downstream water depth, ' ' c h the conjugate water depth of the contraction section and 0 H the total head. Fig.6 (a) shows the extreme value of vibration displacement at different measured point on the plane gate in Run2. It shows that the extreme value of measured point vibration on z = 0mm line is larger than that on z = 35 mm line for the same y-coordinate. That is, the value at point A is larger than that at point C, and the value at point B is larger than that at point D. If the z-coordinate is the same, the extreme value of measured point vibration on y = 10mm line is larger than that on y = 60 mm line. That is, the value at point A is larger than that at point B, and the value at point C is larger than that at point D. These are determined by the distance from the vortex center to the measuring point on the gate. The y-coordinate center of the vortex behind the gate is about 40mm at z=0 mm section, while distance of point A in y-direction from the vortex center is 15mm, and point B is 35mm.Therefore, the closer the measured point on the gate to the vortex center is, the larger the extreme value of gate vibration displacement is. In the same Runs, the extreme value of gate vibration displacement without slot is less than that with slot to some extent. Fig.6 (b) shows the amplitude of vibration displacement at point A for different underflow ratio S. It can be seen that the extreme value of vibration displacement at point A decreases with the increasing of underflow ratio, and the amplitude of vibration displacement without slot is less than that with slot. The variation trends at other three points are the same. ,
For slotted or unslotted condition, the two statistical parameters in Run2 are shown in Table 2 . The magnitude trend of the statistical parameters are consistent with the rule of peak value. The vibration displacement is positive or negative relative to the equilibrium position in the x-direction, consequently, the RMS and σ are the same basically. 
Conclusions
(1) According to the experimental results by 3D-PIV technique and the multi-channel vibrating data acquisition system, the vibration displacement amplitude of the plane gate mainly depends on the central position and the energy of vortex in the downstream of the gate.
(2) For all the vibrating test points on the gate, the moments to reach the peak value are not the same. The dynamic responses at different monitoring locations of the gate acted by the vortex reaches the peak value at difference time.
(3) In slotted condition, the dominant frequency of vibration displacement of plane gate is associated with the location of measuring point. The closer to the edge of gate is, the smaller the frequency is. In unslotted condition, the dominant frequencies at four measured points trend to accord.
(4) The extreme value of vibration displacement at measured point decreases with the increasing of underflow ratio. The existence of gate slot aggravates the vibration of the gate. In the hydraulic engineering, the size of the gate slot needs to be reasonably designed in order to avoid the adverse flow pattern in the gate slot to lead to the instability of the structure.
